Etiolated pea (Pisum sativum cv. Midfreezer) seedlings respond to illumination with white light by changes in the activity of phenylpropanoid and flavonoid synthesizing enzymes. Unlike in cell cultures, changes in enzyme activity in pea seedlings are not concerted. Phenylalanine ammonia-lyase (EC 4.3.1.5) activity peaked approximately 18 hours after onset of illumination. The phenylacetate path did not interfere with the measurement of phenylalanine ammonia-lyase activity. Activity of cinnamic acid 4-hydroxylase (EC 1.14.13.11) showed an early peak after 8 hours illumination, declined thereafter sharply, then gradually increased during the remainder of the experiment. Activities of chalcone synthase and UDP glucose:flavonol 3-O-glucosyltransferase (EC 2.4.1.91) increased steadily and reached a plateau after approximately 70 hours illumination time. Activity of 4-hydroxycinnamate:coenzyme A ligase (EC 6.2.1.12) remained relatively unchanged, whereas that of chalcone isomerase (EC 5.5.1.6) declined steadily during the course of the experiment. The relative in vitro enzyme activities suggest that the rate-limiting step for the phenylpropanoid path is the cinnamic acid 4-hydroxylase, that of the flavonoid pathway is the chalcone synthase. Integration of enzyme activity curves, however, show that only the curve deriving from phenylanine ammonia-lyase activity matches closely the production of the flavonol glycosides.
Detailed investigations on the effect of light on dark-grown parsley cell suspension cultures resulted in recognition of coordinated induction in phenylpropanoid-and flavonoid-metabolizing enzyme activities (6) . This coordinated induction of enzyme activity is due to de novo synthesis of the subunits and assembly of the enzymes (20) and not to activation of preformed inactive components.
There are indications that in intact plants the change in enzyme activities upon illumination are not so straight forward (3, 15) . Etiolated pea seedlings respond to exposure of light with complex pattern of transitory changes in the concentration of their flavonoid components (22) . These flavonoids are the 3-triglucosides and 3-p-coumaryl triglucosides of kaempferol and quercetin, and the 3-sophoroside 5-glucosides and 3-sambubioside 5-glucosides of cyanidin and delphinidin (4, 25) . Correlation between changes in PAL' activity and flavonoid glycoside production suggested the involvement of two different systems in flavonoid synthesis: a lowmagnitude, phytochrome-mediated response, and a long-term response of greater magnitude dependent on continuous illumination (21) .
In this paper we report the changes in flavonoid glycoside production and in the activity of phenylpropanoid and flavonoid ,ul ethyl acetate. The extracts were combined, evaporated to 50 ,tl under N2, and chromatographed in two-dimension on 100 ,um cellulose thin layer plates (Eastman) using the solvent systems described in the work of Stafford and Lewis (24) with authentic phenylalanine, cinnamic acid, and phenylacetic acid as references. The chromatograms were evaluated by x-ray radiography (14-and 2 1-d exposure).
Cinnamic acid 4-hydroxylase activity was determined by a modified method of Hahlbrock et al. (5) . The reaction mixture contained 250 nmol NADP+, 50 nmol glucose 6-P, 1.0 unit glucose 6-P dehydrogenase, 30 nmol [3- (2:2:1) (18), the p-coumaric acid area cut out, and radioactivity determined by liquid scintillation spectrometry in 17 ml toluene cocktail.
Hydroxycinnamate:CoA ligase activity was determined in buffer C by the hydroxamic acid assay as described in the work of Knobloch and Hahlbrock (14) .
Chalcone synthase activity was determined as in the work of Hrazdina et aL (9, 10) .
Malonyl-CoA hydrolase activity was determined similarly as the activity of chalcone synthase by omitting p-coumaryl-CoA from the reaction. Chalcone isomerase activity was determined in buffer B according to Hahlbrock et al. (7) . The reaction mixture contained 36 nmol naringenin chalcone in 10 ,l ethylene glycolmonomethylether, 5 amounts of flavonol glycosides (0.17 ,imol/g tissue). The flavonol glycoside content increased steadily upon illumination and reached a plateau after approx. 100 to 120 h illumination time (3 ,tmol/g tissue, Fig. 1 ). There was no significant change in the flavonol glycoside content during the same course of time in seedlings remaining in the dark. Changes in enzyme activities upon illumination. PAL activity showed an immediate response to illumination. Its activity increased almost linearly up to 16 h illumination time, reaching a sharp peak at approx. 18 h, and declined from there on during the course of the experiment (Fig. 2A) . There was no conversion of phenylalanine to phenylacetate in the assay mixture, therefore the data presented in Figure 2A represent the true PAL activity.
Cinnamic acid 4-hydroxylase showed a sharp, linear increase in the first 6 to 8 h of illumination time, declined at 14 h illumination to nearly that of its original dark level. From here on, the activity increased linearly at a much lower rate (Fig. 2B) . The cinnamic acid 4-hydroxylase activity remained at the original dark level in plants not exposed to light. 4-Hydroxycinnamate:CoA ligase activity was investigated with 4-hydroxycinnamic, caffeic, and ferulic acids. Activity with all three substrates remained essentially the same throughout the course of the experiment and did not differ from that in plants kept in the dark (Fig. 2C) . The activity of the enzyme(s) with caffeic acid was slightly higher but parallel to that with 4-hydroxycinnamic or ferulic acids.
Chalcone synthase activity was found to be 2 orders of magnitude lower than that of the preceding enzyme, the hydroxycinnamate:CoA ligase. The activity of this enzyme started to increase after 40 h illumination, reaching a maximum after 70 to 80 h (Fig.  3A) . Dark control plants showed no significant change during the same period.
Malonyl CoA hydrolase activity followed the course of the chalcone synthase during the illumination period. Since malonylCoA was not only utilized for the enzymic synthesis of the chalcone, but was concurrently hydrolyzed by the malonyl-CoA hydrolase, the direct measurement of chalcone synthase activity (8) from ethyl acetate extracts in toluene cocktail could not be carried out without chromatographic separation of the reaction products.
Chalcone isomerase activity, present originally in the darkgrown seedlings at 13 mkat/kg protein, decreased sharply and constantly during the experiment to 2 mkat/kg protein (Fig. 3B) . The lowest level of activity, however, was still 3 orders of magnitude higher than the highest activity of all other enzymes in the phenylpropanoid and flavonoid pathway.
UDPglucose:flavonol 3-O-glucosyltransferase showed approx. a 10-h lag period before any changes in its activity were noticeable. From there on the activity increased steadily to approx. 60 to 70 I h illumination, when it approached a plateau (Fig. 3C) .
UDPglucose hydrolase activity increased during the illumination period similarly to that of the glucosyltransferase, preventing a direct measurement of glucosyltransferase activity from the ethyl acetate extracts in toluene cocktail.
Correlation between Enzyme Activities and Flavonol Glycoside Production. Integration of the assumed rate limiting enzyme activities (e.g. PAL, chalcone synthase) of the general phenylpropanoid and specific flavonol glycoside path using the equation P(t) =o ft E(T) dT showed that only the curve obtained by integrating PAL activities matched in shape and time sequence the production of flavonol glycosides (Fig. 4) . Integration of the activities of chalcone synthase produced a curve of similar sigmoid shape, its time sequence was, however, off by approximately 30 to 40 h. None of the curves produced by integrating the enzyme activities matched quantitatively that of the production of the flavonol glycosides.
DISCUSSION
The quantitative determination of flavonol glycosides in solutions is based on absorbance measurements at the Xm. of their visible spectrum (320-380 nm). Because of interference by other, nonflavonoid compounds in this spectral region, these compounds could not be quantitated directly in plant extracts. The visible absorption maximum of flavonol glycosides in alcoholic solutions is known to undergo a bathochromic shift in the presence of AlCl3 (13) . This property of the compounds has been used in the past as one of the criteria in their structural identification. This spectral shift also permits the direct quantitative determination of the total flavonol glycoside content in pea seedlings, and measurement in their change during development.
The induction of enzyme activities in the general phenylpropanoid and flavonoid biosynthesis in intact pea seedlings differs from those observed in tissue culture with other plants. Although in tissue cultures the induction of activities is concomitant for all enzymes (6), in illuminated pea seedlings only PAL showed activity changes similar to the group I enzymes of the parsley tissue culture. Changes in the activity of cinnamic acid 4-hydroxylase suggests the involvement of two different mechanisms as described by Smith and Attridge (21 (21, 22) , is followed by a steady increase in activity likely to be derived from the high intensity response of the seedlings to illumination (16, 22) . Parallel increase in activity of PAL, cinnamic acid 4-hydroxylase, and the hydroxycinnamate:CoA ligases reported for pea seedlings (28) , could not be observed in this cultivar under the conditions of the experiments. Activity of the hydroxycinnamate:CoA ligase was high in etiolated pea seedlings similarly to that found by Wallis and Rhodes (27).
In the past, changes in enzyme activities upon illumination in the flavonoid biosynthetic pathway were reported chiefly in tissue cultures. Tissue cultures provide a greatly simplified model system for the investigation of biochemical events. However, because of the simplicity of the tissue culture system, where in culture media totipotent, undifferentiated cells of approximately similar age respond in unison to the light stimulus, events cannot be related to the differentiated system in intact plants relying on active transport of nutrients and metabolites, and on cell-to-cell communication capability.
Calculation of flavonol glycoside production by integrating the changes in activities of PAL, chalcone synthase, and the glucosyl transferase resulted in curves of shape similar to that of the measured flavonol glycoside production. However, only that obtained with PAL matched the flavonol gycoside production curve in shape and time sequence, suggesting a rate-controlling function of this enzyme.
There was great discrepancy between the measured amount of flavonol glycoside production (t = 55 h, 1.8 ,umol) and that calculated by integration of enzyme activities (t = 55 h, 4.1 nmol).
Recent evidence for the existence of phenylpropanoid and flavonoid pathway enzymes as multienzyme complexes associated with the ER in the living cell (23, 26) suggest that the intermediary products are channeled in the pathway. In channeling, the intermediary pathway metabolites would be utilized at a higher rate than exogenously introduced substrates for the individual enzymic reaction steps. Such channeling would explain the higher rate of production of flavonoid glycosides in vivo than that measured by integration of the individual enzyme activities in vitro.
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